Abstract Several inherited metabolic disorders are associated with an accumulation of reactive acyl-CoA metabolites that can non-enzymatically react with lysine residues to modify proteins. While the role of acetylation is well-studied, the pathophysiological relevance of more recently discovered acyl modifications, including those found in inherited metabolic disorders, warrants further investigation. We recently showed that sirtuin 4 (SIRT4) removes glutaryl, 3-hydroxy-3-methylglutaryl, 3-methylglutaryl, and 3-methylglutaconyl modifications from lysine residues. Thus, we used SIRT4 knockout mice, which can accumulate these novel post-translational modifications, as a model to investigate their physiological relevance. Since SIRT4 is localized to mitochondria and previous reports have shown SIRT4 influences metabolism, we thoroughly characterized glucose and lipid metabolism in male and female SIRT4KO mice across different genetic backgrounds. While only minor perturbations in overall lipid metabolism were observed, we found SIRT4KO mice consistently had elevated glucose-and leucine-stimulated insulin levels in vivo and developed accelerated age-induced insulin resistance. Importantly, elevated leucine-stimulated insulin levels in SIRT4KO mice were dependent upon genetic background since SIRT4KO mice on a C57BL/6NJ genetic background had elevated leucine-stimulated insulin levels but not SIRT4KO mice on the C57BL/6J background. Taken together, the data suggest that accumulation of acyl modifications on proteins in inherited metabolic disorders may contribute to the overall metabolic dysfunction seen in these patients.
Introduction
Inherited metabolic disorders of amino acid and fatty acid oxidation often result in an accumulation of reactive acyl-CoA species (Pougovkina et al 2014) . These reactive metabolites can non-enzymatically modify proteins and alter their functions . Indeed, fibroblasts from patients with short-chain acyl-CoA dehydrogenase, propionyl-CoA carboxylase, and malonyl-CoA dehydrogenase deficiencies show strikingly elevated levels of lysine propionylation, butyrylation, and malonylation, respectively (Pougovkina et al 2014) . Furthermore, mice with defective glutaryl-CoA dehydrogenase, which converts glutaryl-CoA to crotonylCoA, show a large increase in protein glutarylation in the liver (Tan et al 2014) . Finally, a mouse model of 3-hydroxy-3-methylglutaryl-CoA lyase (HMGCL) deficiency shows elevated 3-hydroxy-3-methylglutarylation (HMGylation) of lysine residues in liver tissue . Interestingly, liver Responsible Editor: Jerry Vockley tissue from HMGCL knockout mice also have elevated 3-methylglutaryl-CoA and 3-methylglutaconyl-CoA, with a corresponding increase in lysine 3-methylglutarylation (MGylation) and 3-methylglutaconylation (MGcylation) . While the primary genetic defect in these inherited metabolic disorders likely contributes the most to their phenotypes, aberrant protein modification due to accumulated reactive acyl-CoA species could also contribute to the overall clinical presentation.
Compared to protein phosphorylation and acetylation, little is known about the biological effects of the more recently identified protein glutarylation, HMGylation, MGylation, and MGcylation. Previously, we found that glutarylation of carbamoyl phosphate synthase 1 (CPS1) can inhibit its activity, leading to impaired urea cycle activity, and elevated ammonia levels in HeLa cells (Tan et al 2014) . Glutarylation and HMGylation also inhibits malate dehydrogenase 2 (MDH2), a key enzyme in the tricarboxylic acid cycle . Further, we found that increased acylation of methylcrotonylCoA carboxylase (MCCC) resulted in lower MCCC activity and impaired leucine metabolism (Anderson et al 2017) . Given the paucity of information in the literature regarding the physiological effects of these post-translational modifications (PTMs), we set out to further investigate the relevance of glutarylation, HMGylation, MGylation, and MGcylation in vivo.
We recently reported that sirtuin 4 (SIRT4) can target lysine glutarylation, HMGylation, MGylation, and MGcylation for removal, and mice lacking SIRT4 have elevations in these PTMs in liver tissue (Anderson et al 2017) . Thus, to further investigate the role of these PTMs in metabolic and organismal homeostasis, we characterized several physiological parameters in SIRT4 knockout mice. We focused on metabolic measurements since SIRT4 has consistently shown effects on glucose and lipid metabolism. For example, pancreatic betacell lines with Sirt4 knocked down (Ahuja et al 2007) and islets isolated from SIRT4KO mice (Haigis et al 2006) show elevated glucose-stimulated insulin secretion. Islets isolated from SIRT4KO mice also have elevated amino acidstimulated insulin secretion (Haigis et al 2006) . Furthermore, several studies have shown that loss of SIRT4 is associated with an elevation in fatty acid oxidation genes (Laurent et al 2013a, b; Nasrin et al 2010) . Interestingly, SIRT4KO mice are protected against diet-induced obesity but surprisingly still develop diet-induced insulin resistance (Laurent et al 2013b) . Given these observations, we set out to thoroughly characterize glucose and lipid metabolism in SIRT4KO mice. Most studies on SIRT4KO mice thus far have been limited to male mice with a 129S1/Sv genetic background, rather than the C57BL/6 background, which is more commonly used for metabolic studies. Therefore, we characterized both male and female SIRT4KO mice on a variety of genetic backgrounds to better define the role of SIRT4 in whole body glucose and lipid metabolism.
Methods
Animals SIRT4KO mice from the 129S1/Sv-Oca2 + Tyr + Kitl + strain were obtained from the Jackson Laboratory (#012756). These mice were then backcrossed for three generations onto the C57BL/6J (Jackson Laboratory, #000664) background to obtain SIRT4KO mice on a mixed genetic background (SIRT4KO/mixed). SIRT4KO mice on a pure C57BL/6J background (SIRT4KO/J) were generated by backcrossing the mixed background mice for another seven generations onto the C57BL/6J background for a total of ten generations. SIRT4KO mice on a C57BL/6NJ background (SIRT4KO/NJ) were generated by backcrossing the mixed background mice for another four generations on the C57BL/6J background and then three more generations to the closely related C57BL/6NJ mice (Jackson Laboratory, #005304) to re-introduce a functional Nnt gene. Mice were group-housed on a 12-h light/dark cycle with free access to water and PicoLab Rodent Diet 20 (LabDiet #5053, St. Louis, MO). Age, sex, genotype, and number of animals used per study are provided in the appropriate figure legends. All in vivo procedures were performed on healthy animals in accordance with the Duke Institutional Animal Care and Use Program.
Body composition measurements
Fat mass and lean mass were measured by the University of Massachusetts Mouse Metabolic Phenotyping Center. Conscious mice were non-invasively assessed for fat and lean mass using 1H-MRS (Echo Medical Systems, Houston, TX).
Plasma analytes
Mice were typically fasted for 6 h starting at 8:30 am unless otherwise indicated. Blood samples were collected from the saphenous vein using heparinized capillary tubes and centrifuged at 4600 RCF for 9 min at 4°C to obtain plasma. Plasma free fatty acids were measured using the Wako HR Series NEFA-HR(2) kit (Wako Diagnostics, 791, 891, 191) . Plasma glycerol and triglycerides were measured with the Serum Triglyceride Determination Kit (Sigma-Aldrich, #TR0100). Plasma β-hydroxybutyrate was measured using the Wako Autokit 3-HB (Wako Diagnostics, 501, 601) . Plasma cholesterol was measured using the Wako Cholesterol E reagent (Wako Diagnostics, #999-02601). Lipoprotein profiles were generated by the Vanderbilt University Mouse Metabolic Phenotyping Center. Blood glucose was measured using a Nova Max Plus glucometer (Nova Diabetes Care) and plasma insulin levels were measured using the Stellux Chemi Rodent Insulin ELISA (Alpco, 80-INSMR-CH01).
Metabolic assays
Lipid tolerance tests were performed by fasting the mice for 6 h starting at 8:00 am and then orally gavaging the mice with 5 μL/g extra virgin olive oil. Plasma samples were collected over the next 4 h for triglyceride measurements. Glucose and leucine tolerance tests were performed by fasting the mice for 6 h starting at 8:30 am and then orally gavaging the mice with 1.5 mg/g D-glucose or 0.3 mg/g L-leucine respectively. Blood glucose was measured at regular intervals over the next 2 h. Plasma samples were obtained at 0, 7, 15, and 60 min postgavage for insulin measurements. Insulin tolerance tests were performed by first fasting the mice for 6 h starting at 8:30 am and then injecting insulin (Humulin R U-100, Lilly, #0002-8215-17) intraperitoneally. Blood glucose was measured at regular intervals over the next 2 h.
Islet perifusion
Islet perifusions were performed as described (Luciani et al 2007) . Notably, circulating free fatty acids can affect glucosestimulated insulin secretion (Dobbins et al, 1998; Dobbins et al, 2002) , which can alter the way islets respond to glucose in the fed versus fasted state (Stein et al, 1996) . To help control for these effects, all of the islets isolated for our study were collected from non-fasted male mice at the beginning of the light cycle. To further minimize any differences in physiological conditions at the time of islet harvest, all islets were cultured overnight in RPMI 1640 (Sigma, 11, 875) with 10% FBS and penicillin/streptomycin and then pre-incubated in KrebsRinger buffer containing 3 mM glucose for 1 h prior to perifusion. Between nutrient stimulations, islets were washed with Krebs-Ringer buffer.
Statistics
Two-way ANOVAs with age/time, genotype, and the interaction between age/time and genotype as the factors tested were performed using the GraphPad Prism software. P values less than 0.05 indicating the effect of genotype by two-way ANOVA are indicated in the figures. Asterisks indicate p < 0.05 between wild-type and SIRT4KO by a Bonferroni multiple comparisons test.
Results
Prior studies on SIRT4KO mice were performed on largely male mice originating from the 129S1/Sv-Oca2 + Tyr + Kitl + strain. However, since mice on a C57BL/6 background are considered to be more susceptible to metabolic perturbations, we backcrossed these SIRT4KO mice onto a C57BL/6J background for three generations. By performing a genome scan for reference SNPs, we found that out of 256 SNPs tested, our SIRT4KO mice matched 86.5% of the C57BL/6J reference SNPs. When compared to SNPs from 129S1/SvImJ mice, the recommended control from Jackson Laboratory, our SIRT4KO mice matched only 41.2% of the SNPs tested. Thus, these SIRT4KO mice were considered to be on a mixed genetic background (SIRT4KO/mixed) but more closely related to C57BL/6J mice than 129S1/SvImJ mice. Our comprehensive metabolic characterization of SIRT4KO/mixed mice began with body weight measurements in male and female mice. Both SIRT4KO/mixed male and female mice consistently weighed an average of 4% less than their littermate controls from 7 weeks of age through over 1 year of age ( Fig. 1a-b) . In males, reduced body weight was associated with a trend for reduced fat mass in SIRT4KO/mixed mice compared to wild-type controls (Fig. 1a, inset) . These findings are consistent with prior studies showing elevated fat oxidation in primary hepatocytes isolated from SIRT4KO mice (Laurent et al 2013a) and reduced lipogenesis in white adipose tissue from SIRT4KO mice (Laurent et al 2013b) . To further characterize lipid metabolism, we measured circulating lipid levels in SIRT4KO/mixed mice in the postabsorptive state after a 6-h fast. We found no differences in plasma free fatty acids in male or female SIRT4KO/mixed male mice ( Fig. 1c-d) . Interestingly, both male and female mice with a loss of SIRT4 had elevated plasma glycerol levels, particularly in the younger ages tested (Fig. 1e-f ). Plasma β-hydroxybutyrate levels were not affected by a loss of SIRT4 in male or female mice in the non-fasted or 24-h fasted state (Fig. 1g-h ).
We next assessed plasma triglycerides and cholesterol levels over time. After a 6-h fast, male SIRT4KO/mixed mice had slightly lower plasma triglycerides but this reduction was normalized over time (Fig. 2a) . In contrast, triglycerides in female SIRT4KO/mixed mice were subtly higher than littermate controls over time (Fig. 2b) . Interestingly, we observed a trend toward lower plasma cholesterol levels in both male and female SIRT4KO/ mixed mice compared to wild-type controls ( Fig. 2c-d) . Given the subtle changes in triglyceride and cholesterol levels seen when measuring these lipids in whole plasma, we used a more sensitive assay by fractionating the plasma and generating a lipoprotein profile on male and female SIRT4KO/mixed mice. Consistent with the measurements made in whole plasma, the lipoprotein profiles reveal that indeed the differences in triglycerides and cholesterol between wild-type and SIRT4KO/mixed mice are subtle. Measuring triglycerides in fractionated plasma revealed that SIRT4 has little effect on triglycerides incorporated into very low density lipoprotein (VLDL) particles, low density lipoprotein (LDL) particles, or high density lipoprotein (HDL) particles (Fig. 2e-f ). Similar to the cholesterol measurements in whole plasma, cholesterol measurements in fractionated plasma indicate that loss of SIRT4 leads to a small decrease in plasma cholesterol in both males and females. However, males had decreased HDLcholesterol and females had decreased LDL-cholesterol ( Fig. 2g-h ). In addition to these measurements in the 6-h fasted, postabsorptive state, we also assessed postprandial triglyceride clearance by orally administering a lipid bolus and measuring triglyceride clearance over time. The lipid tolerance test showed that both male and female SIRT4KO/ wild-type/SIRT4KO at each time point) SIRT4KO/mixed mice were weighed at various time points over more than a year. a, inset Percent fat mass and lean mass were measured at 60 weeks of age (n = 11/10 wild-type/ SIRT4KO). Mice were fasted for 5-6 h and then plasma samples collected for free fatty acid (FFA) and glycerol measurements at various ages in male (c and e; n = 13/8) and female (d and f; n = 7/10) SIRT4KO/mixed mice. Plasma β-hydroxybutyrate levels were assessed in non-fasted and 24-h fasted male (g; n = 12/10) and female (h; n = 9/12) SIRT4KO/mixed mice. mixed mice had normal triglyceride clearance ( Fig. 2i-j) . Collectively, these data reveal an interesting sexual dimorphism in plasma lipids in SIRT4KO/mixed mice, whereby SIRT4KO/mixed male mice had slightly lower and females had slightly higher plasma triglycerides and males had lower HDL-cholesterol whereas females had lower LDLcholesterol. Overall, however, the effects of SIRT4 on plasma lipid levels in both male and female SIRT4KO/mixed mice are subtle. We next assessed glucose metabolism in these SIRT4KO mice on a mixed genetic background. In both male and female SIRT4KO/mixed mice, we observed no difference in 6-h fasted blood glucose levels in mice younger than 15 weeks of age. However, as these mice aged past 15 weeks, the SIRT4KO/mixed mice had higher blood glucose levels compared to littermate controls ( Fig. 3a-b) . Plasma insulin levels were unchanged in young male and female SIRT4KO/mixed mice ( Fig. 3c-d ). In contrast, when aged to 15 months old, SIRT4KO/mixed males had higher fasting insulin levels than their wild-type controls (Fig. 3k, t=0 ). These data suggest that SIRT4KO/mixed mice may develop age-induced insulin resistance faster than their wild-type controls. Indeed, 3-month old SIRT4KO/mixed male and female mice had normal insulin tolerance ( Fig. 3e and g ), but when males were aged to 8 months of age, they developed insulin resistance (Fig. 3f) . Consistent with this, when young 9-week old SIRT4KO/mixed males were given an oral gavage of glucose, they had normal glucose tolerance (Fig. 3h) . However, when SIRT4KO/mixed males aged, they developed glucose intolerance (Fig. 3i) . Interestingly, SIRT4KO/mixed males required higher insulin levels to maintain normal glucose levels during a glucose tolerance test. In young SIRT4KO/mixed males, the elevated glucose-stimulated insulin levels were able to maintain normal glucose tolerance ( Fig. 3h and j) , but when SIRT4KO mice aged, they were unable to maintain normal glucose tolerance despite having elevated glucosestimulated insulin levels ( Fig. 3i and k) . Taken together, these data demonstrate that male SIRT4KO/mixed mice develop age-induced insulin resistance at a faster rate than their littermate controls.
To determine if elevated glucose-stimulated insulin levels in SIRT4KO/mixed mice could be due to a direct effect of SIRT4 on insulin secretion from pancreatic islets, we isolated islets from SIRT4KO/mixed and wild-type control mice and performed islet perifusion studies. In contrast to previous studies conducted on SIRT4KO mice on pure genetic backgrounds (Anderson et al 2017; Haigis et al 2006) , we did not observe higher glucose-stimulated insulin secretion from SIRT4KO/mixed islets ex vivo (Fig. 3l) . Since islets isolated from SIRT4KO mice on a 129/Sv background have been reported to show elevated amino acid-stimulated insulin secretion (Haigis et al 2006) , we also tested glutamine and leucine-stimulated insulin secretion in islets isolated from our SIRT4KO mice on a mixed genetic background. Unlike previous reports (Haigis et al 2006) , we did not observe enhanced glutamine-stimulated insulin secretion (Fig. 3l) . However, we observed a potent increase in leucine-stimulated insulin secretion in our SIRT4KO/mixed islets (Fig. 3l) , which is consistent with other studies done on isolated islets regardless of genetic background (Anderson et al 2017; Haigis et al 2006) . Thus, it appears that the genetic background of SIRT4KO mice can influence the effect of SIRT4 on insulin secretion.
Since genetic background appeared to be important for the effects of SIRT4 on glucose metabolism, we further backcrossed the mixed background SIRT4KO mice onto a pure C57BL/6J background, a commonly used strain for metabolic studies. During the course of our backcrossing, a peptide-binding study reported that SIRT4 has the potential to bind to nicotinamide nucleotide transhydrogenase (NNT) (Rauh et al 2013) . NNT is a protein on the inner mitochondrial membrane that couples translocation of protons across the inner membrane to the interconversion of NADH and NADPH. Nnt is a gene known to be mutated in C57BL/6J mice and can exert effects on body weight and glucose metabolism (FisherWellman et al 2016; Freeman et al 2006; Nicholson et al 2010) . After just three generations of backcrossing to the C57BL/6J background, our mixed background SIRT4KO mice all expressed the mutated version of Nnt (data not shown). However, to be thorough, we fully backcrossed our SIRT4KO/mixed mice to the C57BL/6J background and then also crossed these mice to the closely related C57BL/6NJ mice, which express functional Nnt. This allowed us to compare the effects of SIRT4 on glucose metabolism in C57BL/6 mice with (SIRT4KO/NJ) or without (SIRT4KO/J) functional NNT.
We first measured body weight in SIRT4KO/NJ and SIRT4KO/J males compared to their respective littermate controls. Since SIRT4KO/mixed males showed a robust difference in glucose metabolism, we focused our studies on male mice. Unlike mixed background SIRT4KO mice (Fig. 1a) , SIRT4KO males on a pure C57BL/6NJ or C57BL/6J background showed no differences in body weight compared to their wild-type controls ( Fig. 4a  and d) . After a 6-h fast, blood glucose levels also were not different between male SIRT4KO/NJ and SIRT4KO/J compared to their respective wild-type controls ( Fig. 4b  and e) . Notably, plasma insulin levels were consistently higher in SIRT4KO/NJ mice compared to controls (Fig. 4c) . Conversely, while SIRT4KO/J mice had hyperinsulinemia early in life, this effect was normalized by 13 weeks of age (Fig. 4f) . Thus, the presence of functional NNT appears to worsen fasting hyperinsulinemia in male SIRT4KO/NJ mice. Since male SIRT4KO/NJ mice had consistent hyperinsulinemia, we continued characterizing glucose metabolism in these mice to determine the consequences of chronically elevated insulin levels. Male SIRT4KO/NJ mice developed hyperglycemia at older ages (Fig. 4g) , similar to the SIRT4KO/mixed mice (Fig. 3a) . Further, the hyperinsulinemia seen in young SIRT4KO/NJ mice was also exacerbated with age (Fig. 4h) . Similar to SIRT4KO/mixed males (Fig. 3h) , SIRT4KO/NJ males had normal glucose tolerance at 2 months of age (Fig. 4i ) but developed glucose intolerance by 8 months of age (Fig. 4j) . Accordingly, SIRT4KO/NJ males had normal insulin sensitivity at 2 months of age (Fig. 4k ) and were insulin resistant by 10 months of age (Fig. 4l) . Collectively, these data show that male SIRT4KO mice on a mixed genetic background and male SIRT4KO mice on a pure C57BL/6NJ background both develop accelerated age-induced insulin resistance.
We next assessed insulin secretion in SIRT4KO/NJ and SIRT4KO/J mice. After an oral gavage of glucose, both SIRT4KO/NJ and SIRT4KO/J males had elevated glucose-stimulated insulin levels ( Fig. 5a-b) . Since it has been reported that NNT may alter the incretin effect on insulin secretion (Fergusson et al 2014) , we also measured glucose-stimulated insulin levels after an intraperitoneal (IP) injection of glucose in order to bypass the incretin effect. Similar to the mice given oral glucose, male SIRT4KO/NJ and SIRT4KO/J mice displayed higher glucose-stimulated insulin levels after intraperitoneal glucose compared to controls (Fig. 5c-d) . Taken together, the data show that elevated glucose-stimulated insulin levels in SIRT4KO males are independent of genetic background, Nnt status, or the incretin effect.
Given the robust effect that leucine had on insulin secretion in islets isolated from male SIRT4KO mice on a mixed background (Fig. 3l) , we tested whether leucine could stimulate insulin secretion in vivo in SIRT4KO/NJ and SIRT4KO/J mice. Leucine-stimulated insulin levels were elevated in male SIRT4KO/NJ compared to their wild-type controls (Fig. 5e) . Interestingly, leucine-stimulated insulin levels were clearly not different between male SIRT4KO/J mice and their controls, which lack functional NNT (Fig. 5f) . Therefore, elevated leucine-stimulated insulin levels in SIRT4KO mice in vivo are dependent upon genetic background and potentially functional NNT.
Discussion
SIRT4 has recently been shown to target several novel PTMs, including glutarylation, HMGylation, MGylation, and MGcylation (Anderson et al 2017) , which have been shown to accumulate in several mouse models of inherited metabolic disorders (Tan et al 2014; Wagner et al 2017) . Since mice with a lack of SIRT4 also show increases in these PTMs and these PTMs have been identified on metabolic enzymes (Anderson et al 2017) , we explored the possibility that an accumulation of these PTMs could affect glucose and lipid metabolism in SIRT4KO mice. We measured an array of metabolic parameters in SIRT4KO mice on three different genetic backgrounds and, in many cases, measurements were done on both male and female mice. Given the notion that sirtuins may be involved in the aging process, many of our studies were performed over time as the mice aged. Notably, few metabolic studies have reported data from SIRT4KO mice on a C57BL/6 background, which is the most common genetic background used to study glucose and lipid metabolism in mice. Overall, we found that lipid metabolism was only subtly affected by SIRT4, but glucose metabolism was dysregulated and SIRT4KO mice consistently developed accelerated ageinduced insulin resistance across different genetic backgrounds.
Previous metabolic studies on SIRT4 suggest that lipid metabolism is a major target of SIRT4. Several studies have shown that loss of SIRT4 activates pathways involved in fatty acid oxidation (Ho et al 2013; Laurent et al 2013a, b; Nasrin et al 2010) . Functionally, knockdown of SIRT4 led to elevated fatty acid oxidation in primary myotubes (Nasrin et al 2010) and increased fatty acid oxidation in primary hepatocytes isolated from SIRT4KO mice (Laurent et al 2013a) . Further, SIRT4KO mice on a 129/Sv background have a decreased respiratory exchange ratio during and after exercise, suggesting higher overall lipid oxidation (Laurent et al 2013b) . Lipogenesis and fat mass in white adipose tissue were also decreased in SIRT4KO mice (Laurent et al 2013b) . Despite these reported effects of SIRT4 on lipid metabolism, our data Fig. 2 Mixed background SIRT4KO mice have subtly decreased plasma lipids. Mice were fasted for 5-6 h and then plasma collected for triglyceride measurements in male (a; n ≥ 13/8 wild-type/SIRT4KO) and female (b; n ≥ 7/10 wild-type/SIRT4KO) mice. Plasma cholesterol was measured in male (c; n ≥ 10/5 wild-type/SIRT4KO) and female (d; n ≥ 4/9 wild-type/SIRT4KO) SIRT4KO mice after a 5-6 h fast. Lipoprotein profiles were generated by fractionating pooled plasma samples collected from 6-h fasted mice. Data are the average of three pools of plasma each containing equal volumes of plasma from at least five mice. Triglycerides and cholesterol were measured in each fraction from male (e and g) and female (f and h) SIRT4KO mice. Oral lipid tolerance tests were performed in male (i; n = 17/17 wild-type/ SIRT4KO) and female (j; n = 13/19 wild-type/SIRT4KO) SIRT4KO mice and wild-type controls by fasting the mice for 5-6 h and then gavaging them with 5 μL/g extra virgin olive oil. Plasma triglycerides were measured every hour for the next 4 h. Closed blue and red circles with a solid line indicate male wild-type and SIRT4KO mice on a mixed genetic background. Closed blue and red circles with a dashed line indicate female wild-type and SIRT4KO mice on a mixed genetic background. Data are shown as average ± SEM. P values less than 0.05 by two-way ANOVA are indicated. Asterisks indicate p < 0.05 between wild-type and SIRT4KO by Bonferroni's multiple comparisons test Islet Perifusion l here show that overall lipid metabolism is only subtly altered in SIRT4KO mice. While we observed a slight sexual dimorphism between male and female mice, we did not observe any striking differences in circulating triglycerides, cholesterol, or β-hydroxybutyrate, and postprandial triglyceride clearance was also unchanged. Similar to previous reports on 129/Sv SIRT4KO mice (Laurent et al 2013b) , we observed a trend toward decreased fat mass in our mixed background SIRT4KO mice. These SIRT4KO/mixed mice also displayed a slight decrease in body weight, but importantly, food intake and energy expenditure were not measured in these mice and this will be important for future studies. Nevertheless, this reduction in body weight in SIRT4KO/mixed mice seems to depend on the 129/Sv genetic background, since our SIRT4KO/NJ and SIRT4KO/J mice did not have differences in body weight. Therefore, we conclude that loss of SIRT4 does not have a major effect on overall lipid metabolism in mice.
We observed striking and consistent effects of SIRT4 on glucose metabolism. Recently, we reported that SIRT4KO mice on a pure C57BL/6NJ background exhibit accelerated age-induced fasting hyperinsulinemia, fasting hyperglycemia, glucose intolerance, and insulin resistance (Anderson et al 2017; N.B . some data are reprinted with permission in Figs. 4 and 5 for ease of comparison). Consistent with these previous observations, we now show that SIRT4KO mice on a mixed genetic background also display this same acceleration of age-induced insulin resistance. Thus, regardless of genetic background, loss of SIRT4 promotes the development of insulin resistance with aging. These data are in accordance with the notion that sirtuins play a role in preventing diseases associated with aging McDonnell et al 2015; Nakagawa and Guarente 2014; Watroba and Szukiewicz 2016) .
Despite the consistent effect of SIRT4 on the development of insulin resistance across genetic backgrounds, the mechanism by which SIRT4KO mice develop age-related insulin resistance may differ. We found that loss of SIRT4 led to elevated glucose-stimulated insulin levels in vivo regardless of genetic background. However, islets isolated from SIRT4KO/mixed mice did not show elevated glucosestimulated insulin secretion ex vivo, whereas we previously showed that islets from SIRT4KO/NJ mice did (Anderson et al 2017) . Therefore, elevated in vivo glucose-stimulated insulin levels in SIRT4KO/mixed mice may be due to lower insulin clearance rather than higher insulin secretion. Further, SIRT4KO/NJ mice had increased leucine-stimulated insulin levels in vivo, while SIRT4KO/J mice clearly did not. This could perhaps explain why SIRT4KO/NJ mice had sustained hyperinsulinemia throughout life and SIRT4KO/J mice did not. Importantly, this suggests that functional NNT could play a role in leucine-stimulated insulin levels in vivo and that SIRT4 may regulate this function of NNT. While NNT has not been found to be modified by lysine glutarylation, HMGylation, MGylation, or MGcylation, SIRT4 deacetylation activity was found against a peptide substrate representing Lys-397 of NNT (Rauh et al 2013) . While these data suggest SIRT4 might directly deacylate and potentially modulate NNT activity, more rigorous studies are needed to test this hypothesis. When considered with a prior study using SIRT4KO mice on a pure 129/Sv background (Haigis et al 2006) , which express functional NNT, we conclude that NNT is required for loss of SIRT4 to produce both increased glucose and leucine-stimulated insulin secretion.
We recently reported that ablation of SIRT4 in C57BL/6NJ mice led to a build-up of novel PTMs that resulted in impaired leucine metabolism and likely contributed to elevated leucinestimulated insulin secretion (Anderson et al 2017) . Since this preceded insulin resistance in these mice, we hypothesize that inappropriate hyperinsulinemia contributes to the development of insulin resistance in these SIRT4KO/NJ mice. This is consistent with previous studies showing that hyperinsulinemia can drive the development of obesity and diabetes (Attane et al 2016; Gray et al 2010; Mehran et al 2012; Rajan et al 2016) and reduced circulating insulin can improve insulin sensitivity in aged mice (Templeman et al 2017) . It would be interesting now to see what role NNT might play in this. Given the fact that SIRT4KO/J mice did not show elevated leucine-stimulated insulin levels in vivo, it would be intriguing to monitor SIRT4KO/J mice at older ages to see if they develop milder insulin resistance with aging than their SIRT4KO/NJ counterparts.
While our study suggests that NNT status is likely a key difference between SIRT4KO/J and SIRT4KO/NJ mice Fig. 3 Mixed background SIRT4KO mice develop accelerated ageinduced insulin resistance. Blood glucose levels were measured in 5-to 6-h fasted male (a; n > 12/8 wild-type/SIRT4KO) and female (b; n > 7/10 wild-type/SIRT4KO) mice. Plasma insulin levels were measured in 5-to 6-h fasted male (c; n > 12/8 wild-type/SIRT4KO) and female (d; n > 7/10 wild-type/SIRT4KO) mice. Insulin tolerance was measured by intraperitoneally injecting 6-h fasted mice with insulin and then monitoring blood glucose over the next 2 h in 3-month-old male (e; 0.7 U/kg, n = 14/14), 8-to 10-month-old male (f; 0.9 U/kg, n = 14/14), and 3-month-old female (g; 0.6 U/kg, n = 7/7) wild-type and SIRT4KO mice. Glucose tolerance and glucose-stimulated insulin levels were measured by orally gavaging 5-to 6-h fasted mice with 1.5 mg/g glucose and then monitoring blood glucose and plasma insulin over the next 2 h in 2-month-old male (h and j; n = 8/8) and 15-month-old male (i and k; n = 16/15) wild-type and SIRT4KO mice. l Pancreatic islets were isolated from 18-month-old wildtype and SIRT4KO mice and then 100 islets from each mouse were subject to perifusion. Islets were washed with Krebs-Ringer buffer containing 3 mM glucose in between nutrient stimulations (n = 4/4 wild-type/ SIRT4KO). Closed blue and red circles with a solid line indicate male wild-type and SIRT4KO mice on a mixed genetic background. Closed blue and red circles with a dashed line indicate female wild-type and SIRT4KO mice on a mixed genetic background. Data are shown as average ± SEM. P values less than 0.05 by two-way ANOVA are indicated. Asterisks indicate p < 0.05 between wild-type and SIRT4KO by Bonferroni's multiple comparisons test that accounts for the metabolic differences between these mice, other genetic differences are known between C57BL/ 6J and C57BL/6NJ mice. Aside from differences in Nnt, the Jackson Laboratory also reports that C57BL/6NJ mice have a missense mutation in the Cyfip2 gene, which encodes cytoplasmic fragile X mental retardation 1 interacting protein 2 (https://www.jax.org/strain/005304). Further, the Jackson Laboratory reports five additional SNP differences: three are not located in known genes and two result in intronic variants in the myotubularin related protein 3 (Mtmr3) and neural precursor cell expressed, developmentally down-regulated gene 9 (Nedd9) genes respectively. Of these genes, only Nnt has been shown to influence insulin secretion and glucose metabolism (Fisher-Wellman et al 2016; Fontaine and Davis 2016; Toye et al. 2005 ) and only NNT has been shown to potentially interact with SIRT4 (Rauh et al 2013) . Thus, it is most likely that the different NNT status between SIRT4KO/J and SIRT4KO/NJ mice is responsible for the metabolic differences that we observed. However, little is known about the metabolic effects of the other genes mentioned above and it is possible that these other genes could contribute to differences between SIRT4KO/J and SIRT4KO/NJ mice. We attribute the metabolic differences between SIRT4KO and wild-type mice mainly to an accumulation of SIRT4-targeted PTMs in SIRT4KO mice. Indeed, we previously reported elevated PTMs on a specific protein in the leucine oxidation pathway, methylcrotonyl-CoA carboxylase (MCCC), in SIRT4KO/NJ liver tissue. This corresponded with decreased MCCC activity and reduced flux through leucine oxidation in liver mitochondria (Anderson et al 2017) . Since SIRT4 is expressed across several metabolic tissues, we predict that SIRT4-targeted PTMs accumulate in many tissues in SIRT4KO mice, and indeed, we observe decreased leucine flux in heart mitochondria as well. However, to solidify the role of MGylation, MGcylation, and HMGylation on metabolic regulation, future studies should be focused on directly measuring these SIRT4-targeted PTM levels in other metabolic tissues, particularly pancreatic islets. Furthermore, SIRT4 may have metabolic effects independent of its deacylation activities. For example, SIRT4 was reported to bind to SIRT3 and prevent SIRT3 from binding to its substrates (Luo et al 2017) . Thus, more studies are needed to better understand the role of SIRT4 in regulating metabolic processes.
These studies on SIRT4KO mice on different genetic backgrounds underscore the important effects that genetic background can have on metabolic phenotypes. However, regardless of the differences in glucose metabolism due to genetic background, our extensive characterization of metabolism in SIRT4KO mice shows that, on a whole, loss of SIRT4 leads to inappropriately elevated insulin secretion and accelerated insulin resistance over time. These studies further emphasize the idea that sirtuins protect against the diseases of aging.
Our data also suggest that the novel PTMs targeted by SIRT4 could play a role in regulating glucose metabolism in inherited metabolic disorders and contribute to overall metabolic dysfunction. Although human tissues have not been tested yet, elevated hepatic glutarylation is observed in a mouse model of GCDH deficiency (Tan et al 2014) and more MGylation, MGcylation, and HMGylation is seen in liver tissue from a mouse model of HMGCL deficiency . Patients with either GCDH deficiency (Zinnanti et al, 2007) or HMGCL deficiency (Gibson et al, 1988) both present with hypoglycemia. While we have not been able to find information on insulin secretion in these patients, there is the potential for HMGCL deficiency to affect insulin secretion, which may contribute to hypoglycemia. Out of seven tissues tested, HMGCL expression and activity was found to be second highest in human pancreatic tissue (Puisac et al, 2010) . Thus, with deficient HMGCL, it is possible that PTMs accumulate on pancreatic proteins and cause elevated insulin secretion, contributing to hypoglycemia. In addition, NNT mutations can lead to familial glucocorticoid deficiency in humans (Meimaridou et al 2012) . Similar to C57BL/6J mice with NNT loss of function mutations, patients with familial glucocorticoid deficiency caused by NNT mutations also have reduced insulin levels, developing hypoinsulinemia (Gupta et al, 2011) and in some cases even progressing to insulin-dependent diabetes (Scott et al, Fig. 4 SIRT4KO mice on a pure C57BL/6NJ background develop accelerated age-induced insulin resistance. Body weight was measured in SIRT4KO/NJ (a; n ≥ 9/11 wild-type/SIRT4KO) and SIRT4KO/J (d; n ≥ 13/7 wild-type/SIRT4KO) mice and their respective littermate controls. Blood glucose levels were measured in 5-to 6-h fasted SIRT4KO/ NJ (b; n ≥ 9/11 wild-type/SIRT4KO) and SIRT4KO/J (e; n ≥ 13/7 wildtype/SIRT4KO) mice and their respective littermate controls. Plasma insulin levels were measured in 5-to 6-h fasted SIRT4KO/NJ (c; n = 9/11 wild-type/SIRT4KO) and SIRT4KO/J (f; n = 13/7 wild-type/SIRT4KO) mice and their respective littermate controls. Blood glucose (g; n ≥ 6/4 wild-type/SIRT4KO) and plasma insulin (h; n ≥ 6/4 wild-type/SIRT4KO) was measured in male SIRT4KO/NJ mice fasted for 5-6 h. Glucose tolerance was measured by orally gavaging 5-to 6-h fasted mice with 1.5 mg/g glucose and then monitoring blood glucose over the next 2 h in 2-month-old (i; n = 9/11) and 8-to 10-month-old (j; n = 11/11) male wildtype and SIRT4KO/NJ mice. Insulin tolerance was measured by intraperitoneally injecting 5-to 6-h fasted mice with insulin and then monitoring blood glucose over the next 2 h in 2-month-old (k; 1 U/kg, n = 9/5) and 11-to 13-month-old (l; 1.4 U/kg, n = 13/11) male wild-type and SIRT4KO/NJ mice. Panels g-l were reproduced with permission from Anderson and Huynh et al (Anderson et al 2017) . Open blue and red squares indicate male wild-type and SIRT4KO mice on a C57BL/6NJ background. Closed blue and red squares indicate male wild-type and SIRT4KO mice on a C57BL/6J background. Data are shown as average ± SEM. P values less than 0.05 by two-way ANOVA are indicated. Asterisks indicate p < 0.05 between wild-type and SIRT4KO by Bonferroni's multiple comparisons test 2017). SIRT4 has the potential to bind NNT (Rauh et al 2013) and our data show that mice with a loss of SIRT4 develop increased insulin secretion, which appears to be dependent on having functional NNT. Taken together, these observations suggest a role for SIRT4 to negatively regulate NNT activity, which in turn decreases insulin secretion. It would be interesting now to explore whether SIRT4 can contribute to the phenotypes seen in familial glucocorticoid deficiency. Collectively, our data suggest a novel role for SIRT4 and the PTMs it targets in contributing to metabolic dysfunction seen in several different inherited metabolic disorders. Leucine-stimulated insulin levels are elevated in SIRT4KO/NJ mice but not SIRT4KO/J mice. Oral glucose-stimulated insulin levels were measured by gavaging 5-to 6-h fasted mice with 1.5 mg/g glucose and then monitoring plasma insulin over the next 2 h in 2-month-old male SIRT4KO/NJ (a; n = 9/11 wild-type/SIRT4KO) and SIRT4KO/J (b; n = 13/7 wild-type/SIRT4KO) mice. Intraperitoneal glucose-stimulated insulin levels were measured by intraperitoneally injecting 5-to 6-h fasted mice with 1.5 mg/g glucose and then monitoring plasma insulin over the next 2 h in 2-month-old male SIRT4KO/NJ (c; n = 9/10 wild-type/ SIRT4KO) and SIRT4KO/J (d; n = 13/7 wild-type/SIRT4KO) mice. Oral leucine-stimulated insulin levels were measured by gavaging 5-to 6-h fasted mice with 0.3 mg/g leucine and then monitoring plasma insulin over the next 2 h in 4-month-old male SIRT4KO/NJ (e; n = 15/15 wildtype/SIRT4KO) and SIRT4KO/J (f; n = 18/12 wild-type/ SIRT4KO) mice. Panels a and e were reproduced with permission from Anderson and Huynh et al (Anderson et al 2017 
